Abstract. The purpose of this study was to investigate the roles of bcl-2 chromosomal translocation and Bcl-2 protein expression in follicular lymphoma (FL) minimal bone marrow (BM) infiltration. We identified the same bcl-2/ IgH fusion gene in paraffin-embedded lymph node (LN) samples and BM samples using immunohistochemistry (IHC), immunocytochemistry (ICC), cytologic morphology and fluorescence in situ hybridization (FISH). The presence of the Bcl-2/IgH fusion gene in the BM samples and paraffin-embedded LN samples from 56 patients with follicular lymphomas was detected using FISH. The Bcl-2 protein levels in BM and paraffin-embedded tissues were quantified using ICC and IHC, respectively. Approximately 78.6% (44/56) of the paraffin-embedded LN tissue sections that underwent FISH analysis had a bcl-2/IgH translocation. The primary lesion was also positive for the bcl-2/IgH fusion gene, as were the BM minimal infiltrates. The bcl-2/ IgH rearrangement occurred in 88.6% (39/44) of the BM specimens. The bcl-2/IgH recombination rate in stage III/IV cancers was significantly different to that observed in stage I/ II cancers (p=0.041). In 59% (23/39) of the cases with t(14;18), Bcl-2 was found to be present as assessed by ICC. Positive Bcl-2 ICC staining and the t(14;18) translocation (as detected using FISH) were positively correlated (p=0.028). We then applied the FISH method to slides that had previously been morphologically evaluated using Wright-Giemsa staining; any slides with at least one abnormal cell were subjected to FISH analysis following staining. The assessment of bcl-2/ IgH translocation status may contribute to the better detection of minimal BM infiltration by FL cells. Utilizing FISH and cytologic morphology techniques allows for earlier and more accessible BM examination.
Introduction
Due to characteristics of the bone marrow (BM) and hematopoietic cell histology, normal histopathological and immunohistochemical staining techniques used to assess non-Hodgkin's lymphoma (NHL) according to stage and level of BM invasion do not meet diagnostic needs, as microinvasive lesions are a major source of recurrent lymphoma. A total of 25-35% of NHL stage Ⅱ/III lesions should more correctly be characterized as NHL stage Ⅳ.
Currently, lymphoma BM invasion is assessed with a BM smear morphologic evaluation when a variation in lymphoma cell morphology does not allow sufficient identification. The WHO requires that when ≥5% of the cells are naive lymphocytes, the classification is BM infiltration, whereas normal BM is characterized by ≤1% naive lymphocytes. However, if the BM naive lymphocyte population is 1-5%, the question raised involves determining which state is normal and which state is invasive. Thus, a BM morphology evaluation, although significant, requires auxiliary means, preferably ones that reduce human error to allow for standardization. Individual treatment necessitates individualized lab diagnostics, followed by BM examination that results in the identification of personalized therapeutic targets. However, the lack of proper molecular markers is a major limitation of this personalized approach to therapy.
The incidence of the t(14;18)(q32;q21)-immunoglobulin heavy chain/B-cell leukemia/lymphoma 2 (IgH/bcl-2) rearrangement is 70-95% in follicular lymphoma (FL) cases in Western countries. This translocation juxtaposes the immunoglobulin enhancer region (IgH Eµ) at 14q32 with the bcl-2 oncogene at 18q21. Consequently, bcl-2 gene expression is dysregulated, leading to overproduction of the antiapoptotic protein Bcl-2. Bcl-2 protein expression is used as a marker of the response to therapy and for assessing minimal infiltration in BM (1) .
At the molecular level, breakpoints on chromosome 14 occur within the joining region genes (JH) of the IgH locus. Most breakpoints on chromosome 18 are clustered within a 150-base pair (bp) segment at the 3' untranslated end of exon 3 of bcl-2, which is designated as the major breakpoint region (MBR). Additional breakpoints are described 30 kb 3' of the MBR, in a region that is referred to as the minor cluster region (mcr). A third breakpoint cluster region exists at the 5' end of the bcl-2 gene and is referred to as the 5'-bcl-2 or variant cluster region. Rearrangement partners involving the 5'-bcl-2 breakpoint include not only IgH but also the immunoglobulin light chain genes ĸ and λ, although these latter rearrangements are uncommon. A number of additional breakpoints within the bcl-2 gene have been identified in an intermediate cluster region that is 3' of the MBR and 5' of the mcr region (2) . A number of recent reports suggest that FISH is superior to PCR for detecting t(14;18) in paraffin-embedded lymph node (LN) samples, as it is more sensitive and equally specific (3) . The purpose of this study was to identify possible correlations between the morphological features, histological grades, immunohistochemical parameters and bcl-2/IgH status in FL. With this information, the assessment of bcl-2/IgH may contribute to the detection of FL BM minimal infiltrates. (Table I) . Baseline staging data from routine staging procedures [computed tomography (CT) scan, gallium/ positron emission tomography (PET) scan and histological examination of BM] was available: 25 (44.6%), 21 (37.5%) and 10 (17.9%) patients were found to have stages I+II, III and IV forms of the disease, respectively. The international prognostic index (IPI) score was 0 to 2 in 41 cases, 3 to 5 in 13 cases and unknown in 2 patients. The performance status (PS) was 1 in 42 patients, 2 in 10 patients and unknown in 4 patients. The median follow-up was 32 months (range 5-54).
Patients and methods

Patients
Clinical characteristics. Patient characteristics such as age, gender, stage, serum lactate dehydrogenase (LDH) levels, BM involvement and presence of bcl-2/IgH translocation in the patients are shown in Table I .
Immunohistochemistry (IHC).
For IHC, 4-µm paraffin sections were deparaffinized, rehydrated and washed in phosphate-buffered saline (PBS) (pH 7.4). For the assessment of Bcl-2 expression, paraffin-embedded sections were placed in citrate buffer (pH 6.0) and heated. The slides were blocked with 10% normal goat serum at 37˚C for 30 min and then incubated with a mouse polyclonal antibody (diluted 1:100) against Bcl-2 (Dako Corp., Carpinteria, CA, USA) overnight at 37˚C. Following washing with PBS, the slides were incubated with biotinylated secondary antibody (diluted 1:100) for 30 min at 37˚C, followed by a streptavidin-peroxidase (1:100 dilution) incubation at 37˚C for 30 min. Immunolabeling was visualized with a mixture of 3,3'-diaminobenzidine solution. Counterstaining was performed with hematoxylin.
The percentages of antigen-positive neoplastic cells were divided into the following categories: 0, <10, 10-30, 30-50, 51-75 and >75%. Only definite and unambiguous staining on unequivocal malignant cells was accepted as positive. For the positive control, sections from reactive LNs and tonsils were tested concomitantly. For the negative control, the primary antibodies were omitted. Each slide was evaluated independently by two pathologists, and the percentage of tumor cells that were positively stained was determined by visual estimation and recorded to the nearest 10%. Disagreements were resolved by joint review on a multi-head microscope. Cases were considered to be positive if ≥30% of the tumor cells were positively stained. To analyze the hybridization, 1 ml of BM or a 2 µm tissue section was used; in each sample, a total of 50-100 nuclei were examined per probe for the presence of the chromosomal aberration, and a sample was considered to be positive for the rearrangement if more than 15% of the nuclei exhibited a break-apart of the fusion signal. Blood samples from 31 normal individuals were collected; from these, mononuclear cells were obtained and used as normal controls. The CA46 cell line was used as a positive control for the bcl-2/ IgH rearrangement. The observed signals were considered to be significant if they were present in percentages above the cut-off levels that were previously established for our laboratory. The cut-off distances of red and green signals used to define fusion signals were 1.0 µm for the bcl-2/IgH probe. The upper cut-off level in paraffin-embedded LN samples was 5% (5 cells with the bcl-2 translocation out of 100 cells).
Statistical analysis.
We used the Fisher's exact test to compare the proportions of abnormal signals among the groups. P<0.05 was considered to be statistically significant.
Results
Samples from 56 FL patients (histologically defined according to the REAL classification) were analyzed with IHC and ICC for Bcl-2 expression and FISH for the bcl-2/IgH fusion gene. Bcl-2 was expressed in the membrane and cytoplasm of tumor cells. Approximately 78.6% (44/56) of the paraffin-embedded tissue sections in the FISH study group presented with the bcl-2/IgH rearrangement (Fig. 1E ). Bcl-2 stained positive (based on IHC) in 79.5% (35/44) of the t(14;18) cases (Fig. 1C) . A significant positive correlation was found between Bcl-2-positive staining and t(14;18) based on the FISH results (p=0.035), whereas the bcl-2/IgH rearrangement was not detected in the majority (34/35; 97.1%) of normal LNs in the control group. No statistically significant differences in clinical features were found between Bcl-2-positive and Bcl-2-negative cases. BM samples from 56 patients were analyzed using FISH to evaluate bcl-2/IgH rearrangement status. The primary lesion was found to be positive for the bcl-2/IgH gene rearrangement. FISH was performed directly on the BM smears in cases of minimal infiltration. The rearrangement was found in 88.6% (39/44) of the BM specimens from patients whose paraffin-embedded LN sections were positive for bcl-2/IgH (Fig. 1F and Table II) . However, no bcl-2/IgH rearrangement was observed in any of the normal blood specimens (31/31) (Fig. 2a) . The recombination rate in stage III/IV disease was significantly different from that in stage I/II (p=0.041), and no significant correlation was found between bcl-2/IgH rearrangement status and age, gender or IPI. In 59% (23/39) of the cases with t (14;18) , the immunocytochemical staining for Bcl-2 in the BM was positive. In FL, the protein expression of Bcl-2 (derived from ICC) and the bcl-2/ IgH rearrangement were significantly correlated (p=0.028).
Notably, BM samples were regularly collected for morphological evaluation; any slides containing any abnormal cells were analyzed with Wright-Giemsa staining followed by FISH for the bcl-2/IgH translocation ( Fig. 2C and D) . Unlike standard diagnostic methods, this process identified bcl-2/IgH-positive cells with normal morphologies (11 bcl-2/ IgH-positive samples/39 samples with abnormal cells).
Discussion
Our study had two purposes: first, we used fresh BM and peripheral blood (PB) to develop a FISH assay to detect fusion genes in patients with the t(14;18) translocation; second, the BM samples were regularly tested with morphological evaluation followed by bcl-2/IgH fusion gene detection using FISH for any slides containing abnormal cells.
Recurrent, structural cytogenetic abnormalities, most of which are balanced translocations, play a significant diagnostic and prognostic role in hematological malignancies (4). The t(14;18) translocation, which leads to overproduction of the Bcl-2 protein, is thought to occur in almost all FLs and is capable of being detected using FISH. Detection of this translocation is useful for monitoring the response to therapy and for assessing minimal residual disease present in the BM (5). However, the post-induction bcl-2/IgH status is not useful when deciding on subsequent therapy for patients with relapsed/resistant FL (6) . The results show that in 59% (23/39) of t(14;18) cases, Bcl-2 protein was present in the BM based on ICC. In FL, Bcl-2 protein expression (as assessed with ICC) and the presence of the bcl-2/IgH rearrangement were significantly correlated. The expression level of the bcl-2/IgH fusion gene in the newly diagnosed and relapsed groups was much higher than that in the remission group.
BL-like tumors originated from the FL-like clones found in the BM, and the majority of localized FL bcl-2/IgH + cells were found in the BM. Lymphoma cells may reversibly spread from the affected LN to the BM. Bcl-2/IgH expression is associated with disease status; the expression level is high in newly diagnosed and relapsed patients and low in those who have achieved remission. These results suggest that the BM is a suitable location to detect the bcl-2/IgH fusion gene. We found t(14;18) in 69.6% (39/56) of FL BM samples and in 88.6% (39/44) of the BM specimens from patients with positive staining for bcl-2/IgH in the paraffin-embedded sections. The incidence of the bcl-2/IgH gene rearrangement in Chinese FL patients was lower than that in eastern European countries, since only the bcl-2/IgH probe MBR was detectable. It has been reported that 88.5% of bcl-2/IgH rearrangements occur at the MBR breakpoint (7) . The results suggest a higher rate of BM infiltration than other studies (8) (9) (10) .
The number of Bcl-2 positive cells was higher in samples from patients with BM infiltration by lymphoma cells compared to samples from patients without BM involvement, which is consistent with a recent report that was based on LightCycler PCR (11) . The presence of the bcl-2/IgH rearrangement in blood and BM is frequently detected at staging, even at FL stage I (9). Patients with histological grade 1 or 2 tumors were more likely to have the t(14;18) translocation than not. In addition, the complete response rate was lower in the t(14;18)-positive group compared to the t(14;18)-negative group, and a trend toward less favorable event-free survival was observed in the t(14;18)-positive group (12) . Achieving bcl-2/IgH negativity following FL therapy results in a better prognosis (13) .
Findings of studies have shown that Bcl-2 + disease presented in younger patients compared to Bcl-2 -disease (14), although no difference was found regarding the age at diagnosis between Bcl-2 + and Bcl-2 -in the present study. Although the study group included Bcl-2 protein-positive/bcl-2/ IgH-negative cases (8.4%), the statistically significant positive correlation between the ICC expression for Bcl-2 and the t(14;18) translocation detected using FISH indicates that the ICC evaluation of Bcl-2 protein expression in this study was able to reliably predict the bcl-2/IgH status. This result must be interpreted with caution due to the limited number of cases. The t(14;18) translocation plays a significant role in the pathogenesis of FL, and its detection using FISH is a significant tool in the diagnosis, treatment and follow-up of these malignancies since the immunocytochemical testing is negative in a significant proportion of these cases.
On average, approximately 10 ml of BM is required to complete the analysis of a single sample. Our assay used 1 ml of fresh BM fluid on a single slide to perform this study. Tissue sections that were approximately 2 µm thick were optimal for our analysis; increases or decreases in the thickness led to a reduced number of grid units analyzed.
In conclusion, we report a reliable and fast FISH procedure for the detection of the bcl-2/IgH translocation that may be used on slides containing abnormal cells following morphological evaluation with Wright-Giemsa staining. To the best of our knowledge, this is the first report on the use of FISH analysis of bcl-2/IgH for predicting BM minimal infiltration.
